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Introduction
The basic assumption in the design of axial turbomachinery is that its flow surfaces are axisymmetric. For the flow surfaces to be cylindrical or nearly cylindrical, axial fans are usually designed according to the principle of equal specific work of elementary stages. In order to minimize the spatial curvature of the fan blades and the fan hub length, impeller blades of low-pressure axial fans can be designed with different specific work of elementary stages, so that the specific work of elementary stages is smaller at the hub than at the periphery. For determining the shape of the fan blades it is sufficient to define their profile in 5 to 12 elementary stages, approximately evenly distributed over the height of the blades. 
For the known function y k (r), the specific work of the fan impeller can be calculated using the equation: 
The necessary condition is that control cross-sections are placed in the space which is physically bounded by the cylindrical surface of the fan hub (R i = const.) and the fan shroud (R e = const.).
The equation of steady fluid flow of the inviscous fluid can be written in the form: (for cylindrical flow surfaces the flow does not depend on the circumferential co-ordinate ()). 
Distribution function of specific work of elementary stages
In order to reduce the specific work of elementary stages near the fan hub, and for flow surfaces inside the fan runner not to deviate much from the cylindrical surfaces, the distribution function of specific work of elementary stages is suggested [1, 2] :
where y k (r)/r = 0, for r = r 0 .
The function y k (r) is defined according to assumption parameters r o (R i  r o R e ) and y k.i = y k (R i ), and the recommendation is:
where Y k + is the calculation of the (nominal) specific work of the fan impeller.
The graph of the function y k (r), defined by eq. (12), is shown in fig. 2 .
The value of the specific work y k.o is unknown, and it can be determined according to the requirement that the specific work obtained by eq. (7) 
Assuming that the flow surfaces are cylindrical in the control cross-section behind the fan impeller, the following is obtained: 
Values y k.o and c z2 (0) are determined by the iterative procedure, using the programs [1] . Apart from determining the values y k.o and c z2 (0), the program is created in such a way so as to also yield y k (r), c z2 (r) and Q(r) in the defined step, where r is the radius in control cross--section behind the fan impeller and Q(r) is the flow rate under the cylindrical flow surface of the radius r.
According to the data for Q(r), a functional relation of cylindrical axisymmetrical flow surface radius in front of and behind the fan impeller can be established. Due to eq. (5), for Qr(S m ) = Q(r), r 1 (S m ) = r 1 (r), and c z1 = const. = c zsr , the following is obtained:
According to the relation r/r 1 (r), a deviation between axisymmetrical and cylindrical flow surfaces can be evaluated.
In references [1] [2] [3] 
where values for r = r 0 are given in fig. 3 .
Figure 3. Graphs of the functions; (a) y K (r), (b) c z2 (r), and (c) ε(r)
For calculation operating parameters, according to which the graphs of the functions of specific work y k (r), fig. 3(a) , and meridian component of absolute velocity c z2 (r), fig. 3 (b), were determined, a low-pressure reversible axial fan with straight blade profiles was constructed. Maximum deviation between axisymmetrical and cylindrical flow surfaces was 2.6%, fig. 3(c) , therefore the calculation was performed using the model of cylindrical flow surfaces and taking into account the velocity distribution c z2 (r) and using the method of lift forces. The results of the calculations [2] are given in tab. The fan impeller blade designed according to the unequal distribution of specific work of the elementary stages ( fig. 4) , has a smaller spatial curvature than the fan blade constructed according to the equal distribution of specific work of all elementary stages by 14° [2, 3] . The inclination angles of the profile mean line at the hub are smaller, that is, a smaller profile cascade width at the hub by 21 mm (22%) which requires the smaller length of the hub impeller [2] .
Manufacture of the model for experimental testing
Based on the calculation of the fan, for seven equally distributed elementary stages along the height of the impeller blade (tab. 1), a blade with straight profiles was designed (PP2 profiles) [2] . On the basis of the defined profiles for seven elementary stages, a 3-D blade was designed in the SolidWorks program, which could serve as a model to obtain the geometry of the blade profile for any cylindrical section along the height of the blade. This fact was used in the manufacturing of the blade model from segments.
The blade model ( fig. 5 ) was manufactured from thin stacked and glued straight profile wooden segments (26 segments), whose drawings were prepared and done in SolidWorks. After gluing the segments together, the surface of the blades was planed.
To determine the accurate geometry of the blade model, scanning was performed on a 3-D scanner type MDX-20 ( fig. 6) , with the scanning step of 0.05 mm in the direction of axes x and y, and in the direction of axis z with the step of 0.025 mm.
Following the spatial scanning of the blade, the 3-D geometry of the blade was obtained, and it was possible to create cylindrical sections of the blade in SolidWorks, so as to obtain the geometry and inclination of blade profiles (2-D) in cylindrical sections (tab. 2). Figure 7 shows the profile mean lines of the scanned blade developed in a plane.
The scanned model of the fan blade has a spatial curvature which is defined as a difference between the inclination angles at the hub and the shroud,  L =  t =  ti - te = 12°
( fig. 7) . The model has a smaller spatial curvature in relation to the designed blade by 3.1°, which is explained by the error in the described technology for model manufacturing. The scanned model of the blade with a straight profile has a smaller spatial curvature than the model of the blade designed with equal specific work of elementary stages ( L =  t =  ti - te = 29.1°) by 17.1° [2] . Table 2 . Dimensions of the scanned blade Table 2 key: i -cylindrical section, ri -radius, hi -height of the blade up to the cylindrical section, hi/h -relative height of the blade, li -the length of the blade profile mean line, βti -difference between the profile mean line inclination angles in the specific cylindrical section and the peripheral section, δmaxi -maximum thickness of blade profile, r1,2 -radii of the rounding of the blade profile end, δmaxi/li -relative maximum thickness of the blade profile 
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Experimental testing
The testing and obtaining of the operating characteristics of the fan was conducted by air loading on the suction side of the fan, for a nominal rotation speed of the electric motor n = 1405 rpm [5, 6] . The diameter of the fan shroud was D e ' = 635 mm, the periphery diameter of the impeller was D e = 630 mm and the diameter of the impeller hub was D i = 300 mm.
The testing was conducted on a standard test rig (AMCA 210), with the suction duct with the diameter D = 690 mm ( fig. 8) , in the Laboratory for Hydraulic and Pneumatic Testing of the Faculty of Mechanical Engineering in Nis. Apart from measuring the pressure and determining the flow, the electrical magnitudes at the entry into the electric motor of the fan, and the rotation speed of the fan and air parameters in the laboratory (atmospheric pressure and temperature) were also measured. The power of the electric motor was P M = 1.5 kW, the characteristics of which were known [2] . 
Conclusions
The reversible axial fan with straight blade profiles designed according to the model with different specific work of elementary stages has the angular spatial curvature smaller by 17.1° and the width of the blade profile cascade at the hub smaller by 20.6 mm (22%), which requires a smaller length of the impeller hub in relation to the blades designed according to the model with the constant specific work of elementary stages [2] .
The blades of the fan impeller designed according to the model of unequal specific work of elementary stages, due to the smaller width of the profile cascade at the hub, require a smaller length of the hub, are easier to manufacture, and have slightly lower efficiency than the blades designed with the constant specific work of elementary stages [2] .
On the basis of the conducted testing, it is suggested that the design of low-pressure reversible axial fans be performed according to the model with unequal specific work of elementary stages. 
